We have used several antibiotics, known inhibitors of protein synthesis, to evaluate the role of proteins1-3 in the maintenance of memory. Our present working hypothesis, fully stated elsewhere,3 is based upon our results with puromycin and acetoxycycloheximide as well as upon the observations of others.4 This hypothesis assumes that establishment of memory is dependent upon a change in the quantity of one or more species of messenger RNA which then alter the synthetic rate of one or more proteins essential for the expression of memory. In the presence of an inhibitor of protein synthesis the concentration of essential proteins could fall to levels too low for expression of memory, but apparent loss of memory would be temporary if this mRNA were conserved to direct protein synthesis when the inhibitor had disappeared. We have partially tested this assumption and have found evidence consistent with it by testing memory at various times after training conducted during, or immediately before, inhibition of protein synthesis. We have also found evidence for an early, transient stage of memory which appears to be independent of protein synthesis and of reverberating electrical activity. Acetoxycycloheximide has been used because it has been shown to be a powerful inhibitor of cerebral protein synthesis in mice3 and because our mice, under appropriate circumstances, appear to behave reliably under its effects.
We have used several antibiotics, known inhibitors of protein synthesis, to evaluate the role of proteins1-3 in the maintenance of memory. Our present working hypothesis, fully stated elsewhere,3 is based upon our results with puromycin and acetoxycycloheximide as well as upon the observations of others.4 This hypothesis assumes that establishment of memory is dependent upon a change in the quantity of one or more species of messenger RNA which then alter the synthetic rate of one or more proteins essential for the expression of memory. In the presence of an inhibitor of protein synthesis the concentration of essential proteins could fall to levels too low for expression of memory, but apparent loss of memory would be temporary if this mRNA were conserved to direct protein synthesis when the inhibitor had disappeared. We have partially tested this assumption and have found evidence consistent with it by testing memory at various times after training conducted during, or immediately before, inhibition of protein synthesis. We have also found evidence for an early, transient stage of memory which appears to be independent of protein synthesis and of reverberating electrical activity. Acetoxycycloheximide has been used because it has been shown to be a powerful inhibitor of cerebral protein synthesis in mice3 and because our mice, under appropriate circumstances, appear to behave reliably under its effects.
Material and Methods.-We are indebted for our acetoxycycloheximide to the John L. Smith Memorial for Cancer Research, Charles Pfizer and Co., Inc., Maywood, New Jersey, where the antibiotic was produced with the support of NIH contract #PH 43-64-50. Uniformly labeled L-C'4-valine was used to measure the rate of incorporation of valine into protein.
The intracerebral injection technique5 and biochemical procedures' have been described. Bilateral temporal injections, 0.012 ml each, were used. Each contained 60 ,ug acetoxycycloheximide or, in control experiments, isotonic NaCl. Because of our previous results on the concentration of pool amino acids at 4 aid 8 hr after treatment,3 we have, as in the past, taken changes in radioactivity of the pool throughout the period we have studied as equal to changes in specific radioactivity.
Details of the behavioral procedures have also been given. Except as noted, training was conducted in a Y-maze to a criterion of 9 out of 10 correct responses. Shock was given for failure to move from the stem of the Y within 5 see (avoidance error) and for errors of left-right position discrimination. Where indicated, behavioral results were evaluated with the t test.
All of our Wistar mice, weighing 28-32 gm, have been ill after intracerebral injections of acetoxycycloheximide. All have had diarrhea in the period of 4-10 hr following the injections and for survival have needed to be kept clean.3 In the present experiments the severity of the diarrhea and the deleterious effect of the heximide on the activity and alertness of the mice was substantially reduced by using only males. Lethargy and loss of alertness, though present, were minimal after recovery from anesthesia and before the onset of diarrhea. We have consequently trained most of our mice 2-3 hr after injection of heximide. Although the mice varied in the time and severity of their reactions, most of them were most severely affected at about 10 hr after injection, then rapidly recovered to good condition at 14-20 hr. Use of the mice has been restricted to times when they appeared to be in reasonably good condition as judged from general behavior in their cages and in the maze. A few made such poor recoveries from the injections that they were discarded.
Tonic convulsions with full leg extension were produced by applying a current of 60 v (about 20 ma) for 0.5 sec by means of ear electrodes.
Results.-1. Behavioral studies: A behavioral study of mice injected with a toxic substance may present uncertainties if sufficient time is not given for complete recovery. The major potential uncertainty in our mice with acetoxycycloheximide came from the possibility that apparent loss of memory might be due to illness with an attendant impairment of performance.
The experiments conducted and their over-all results are summarized in Table 1 .
(a) Our first efforts were made with 27 male mice trained to criterion 2-4 hr after injection of acetoxycycloheximide (Table 1, expt. 1). These mice were exceptionally difficult to train. The mean 1 SE for number of trials to criterion in the group was 32.4 4 2.7 and was significantly different (P < 0.01) from the corresponding values of 12.6 L 1.3 in a group of 34 untreated males.
The large number of trials needed to reach criterion gave an unreliable baseline for calculation of savings on retention testing. Although the results obtained with the mice of this group are consistent with other experiments, we question whether any valid conclusions could be drawn from their performance and have not included their scores in Table 2 . They do, however, show that the capacity for first learning is present but impaired during the period when protein synthesis is inhibited by the heximide. Detailed results of experiments 2, 3, and 4 are given in Table 2 . Impaired = impaired or lost as used in Table 2 . (Table 1) , mice were first trained, injected 20-24 hr later with heximide, and 2-3 hr after these injections were given reversal training. The difficulty of training in experiment 1 was not encountered with reversal training given in the presence of acetoxycycloheximide perhaps because avoidance had beenlearned on first training and the mice were familiar with the maze. Only 2 of a group of 36 mice were discarded because of exceptional difficulty in training. The mean i SE for number of trials and errors on first training for the remaining 34 mice were, respectively, 12.6 i 1.3 and 12.6 4 1.1, and on reversal training, 10.6 4d 1.5 and 9.2 i 1.4. The corresponding means for the eight control mice on first training were 9.0 4 1.8 and 11.5 i 2.6; on reversal training after injection of saline, 11.0 + 3.5 and 10.6 i 4.6. There was no significant difference between the two groups in trials or errors to reach criterion in either first or reversal training.
As shown in Table 2 (2), seven of eight mice had retention of memory 1-3 hr after reversal training in the presence of heximide. The mouse with lost memory was one of three tested for retention 3 hr after training. Memory was consistently lost or impaired in nine mice at 5-7 hr, in six at 14 hr, and in five at 36 hr after reversal training; in six, memory was consistently retained 4 days after training. Eight control mice injected with saline had retention of memory of reversal training at 5-7 hr, the mean A-SE for percentage savings of trials and errors having been 91.6 4 3.9 and 94.0 ± 3.1.
The results obtained during the period 5-14 hr after training are subject to question because these tests were conducted during the time of maximum impairment of activity and alertness. At 36 hr, however, loss of memory cannot be attributed to these factors because they were absent after 20 hr.
(c) In experiment 3 (Table 1) , mice were first trained and then injected immediately with heximide. Training took about 15 min; the injections, 5 min. The mice in this group were sequentially tested from 3-7 times for retention to test the expression of memory in an individual over a period up to 72 hr after learning. Shock was given for errors. To reduce the effects of re-learning and extinction in these instances, evaluation of memory up to the final test was made from the results of 5 trials. Savings of errors were calculated by reference to the average number of errors made per 5 trials up to criterion during learning.
There were 11 mice in the experiment which covered times after training as indicated in The results of these and previous measurements on the hippocampus, which approximate those of other parts of the brain, are given in Figure 1 . There is considerable variation in the degree of inhibition after 10 hr. Also, the inhibitory phase may be followed by a period in which the rate of protein synthesis substantially exceeds the normal rate. And finally, the effects of the heximide frequently last more than 50 hr after its injection.
Discussion. The present experiments with acetoxy-level.
cycloheximide showed that learning took place (though it was impaired with first learning) at a time when there was wide spread and severe inhibition of protein synthesis in the brain. Barondes and Cohen6 have observed normal learning in mice during inhibition of protein synthesis in the hippocampal region by puromycin. It thus appears that protein synthesis is not essential for learning. The experiments presented here also consistently showed an initial period in which memory was retained, an intermediate period in which memory was apparently lost, and a final period during which expression of memory returned.
As with learning, there is reason to believe that memory during the initial period is independent of protein synthesis. The duration of this period in mice seems to be variable depending upon the conditions of learning and the inhibiting agent. Memory of Y-maze training acquired in the presence of puromycin was retained at a high level for less than 45 min.6 With the reservations of interpretation already expressed, reversal training given in the presence of acetoxycycloheximide persisted for less than 5 hr but first training given immediately before heximide lasted more than 14 hr. These observations suggest that memory during the initial period is less firmly established when heximide (or puromycin) is present during training. In any event there is a stage in which memory is retained in spite of inhibition of protein synthesis throughout the brain. Similar observations have been made on goldfish.7
The unlikely possibility that memory is maintained during this period by reverberation (prolonged beyond its usual short duration by the action of the drug) was ruled out by the experiment using ECS. Memory during this period may be based on changes in the concentrations of ions or small molecules or in changes in the configuration or location of preexisting macromolecules.
The intermediate period is characterized by failure of the mice to perform in accordance with the training procedure. Memory is not destroyed since it returns later; unexpressed or temporarily lost is a better description. Though inadequate to provide convincing evidence, our observations indicate that the temporary loss of memory is not to be explained by a general, nonspecific failure of performance or recall. M\lemory of first training before injection of heximide was expressed during a period when memory of reversal training after injection of heximide could not be demonstrated. Furthermore, relearning occurred in both groups at the time when mice with loss of memory were given retention tests indicating again an adequate capacity for performance. During the intermediate period, memory appears to reside in a form which cannot be expressed until protein synthesis has been restored.
The final period is characterized by the return of memory to a condition where it can control performance. In essentially all mice with all types of training, memory was present at a high level 58-96 hr after training. This is at least 20 hr after protein synthesis was found to have returned to normal or higher than nornial rates. The variation among the mice in the time of the return of memory may well be due to the variability in the rate of protein synthesis following the tenth hour after injection of heximide.
The findings are consistent with the working hypothesis stated above. The mRNA required for the ultimate establishment of a long-term memory is formed during the first period and conserved throughout. During the first period, expres-sion of memory does not require synthesis of new macromolecules. The initial changes decay, however, and without synthesis of protein, memory is temporarily lost. Eventually the effect of the inhibitor wears off and the synthesis of the proteins which provide for the long-term memory is resumed. It should be noted that this situation implies a protein inhibitor which conserves mRNA. Accordingly, the hypothesis predicts that memories formed in the presence of puromycin (with loss of mRNA3) should decay, never to return. In unpublished experiments, the longest time at which memory was tested after puromycin was 3 months; at this time, memory was absent.
Currently, memory is often regarded as initially dependent upon a period of consolidation. As a result of our experience with acetoxycycloheximide and ECS and that of others with puromycin,6' 7 it seems advantageous to include in the period of consolidation both the short stage of electrical activity and the longer one which is independent of electrical activity and of protein synthesis.
Summary.-Mice were injected intracerebrally with acetoxycycloheximide before or immediately after learning. In both groups there was an initial period during which memory was retained, an intermediate period during which expression of memory was lost, and a final period during which memory returned. These findings are related to the effects of the heximide on rate of protein synthesis and to the assumed roles of mRNA and protein in the maintenance of memory as stated in our working hypothesis.
